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The ability to create a quantized current, which is immune to impurities and shows stability over changes in source-drain biases and temperature [9] , makes high frequency SAWs ideal candidates for quantized current sources in metrology. Many studies have investigated the behavior of SAWs under various conditions, including their response to a magnetic field [10, 11] as well as the formation of acoustic shock waves in suspended structures [12] . The most noted application of SAWs with two-dimensional electron gases (2DEGs) is to study electronic transport properties. Since the SAWs produce a clean and constant current, they have been shown to be used to populate and depopulate double quantum dot (DQD) systems [1] and can also be applied for trapping electrons [6] or transferring them [7, 8] for the purpose of quantum computing. In other experiments, it has been demonstrated, through the use of QPCs, that the current produced from a SAW can be pinched off through a narrow channel creating a quantized current where the steplike behavior of single-electron transport is easily observed [2, 3, 9] .
In this paper, we present our findings of a system utilizing SAWs across a suspended bridge interacting with a QPC. In pinching off the current produced by the SAWs, we have observed oscillations in the acoustoelectric current which, in turn, changes sign once the applied voltage to the QPC becomes more negative. We get both positive and negative oscillations prior to complete QPC pinch off. The positions of the oscillation peaks correspond to the 1D plateaus seen at standard low-temperature transport measurements [9, 13] . At the elevated temperatures of our experiment, the contributions of different subbands are not distinguishable anymore, resulting in the washing out of the conductance steps. However, the subband structure still can manifest itself in the form of the oscillations of the acoustoelectric current. The origin of the current negativity can be better understood in terms of enhanced backscattering [14, 15] caused by the strong electron-phonon coupling in suspended systems.
The device under test was fabricated on a GaAs/Al 1−x Ga x As heterostructure which contains a 2DEG 40 nm below the surface and a 400 nm thick sacrificial layer that lies 90 nm below the surface. Optical lithography was used to carry out the following steps. Firstly, the 2DEG is defined and wet etched. Secondly, four Ohmic contacts are defined and annealed on top of the 2DEG. Thirdly, metallic gates are defined which lead to the QPCs and interdigitated transducer (IDT) fingers. Fourthly, through electron-beam lithography the following steps are carried out: the QPC pairs and the IDT fingers are defined. Fifthly, the acoustic waveguide is defined and etched; and finally, the sacrificial layer is wet etched, leaving a suspended region in the center, see Fig. 1 .
The IDTs were fabricated to operate at various frequencies, 840 MHz to ∼1.5 GHz, which was chosen based upon v s = λf ; where v s = 2817 m/s is the sound velocity of GaAs [16] , λ is the wavelength of the SAW (also the pitch of the IDT fingers), and f is the frequency of operation. The spacing between the left and right QPC pairs is about 900 nm. Wavelengths of 2 and 4 µm were used to produce an integer number of waves between the two IDTs, each IDT being 232 µm from the center QPC pair. The acoustic waveguide shown in Fig. 1(a) as an etched trench is as an exponential waveguide [17] positioned at the left and right entrances (mouth). The center straight region where the QPCs reside is a straight pipe, or rectangular, waveguide geometry. The exponential portion of the geometry, which acts as a high pass filter, was fabricated with a cutoff frequency of 75 MHz, which is well below our operational frequencies of 840 MHz. This setup reduces the reactance of the system and causes the two geometries of the waveguide to become impedance matched. This serves two purposes: (1) to couple the SAW power efficiently into the center suspended region of the device where the QPCs are located, and (2) to prevent SAWs from traveling across the outer regions of the suspended bridge where undesired acoustoelectric currents may flow due to SAW reflections. The IDTs have a 50 µm aperture while the opening of the acoustic waveguide extends beyond that to 70 μm. The suspended nanobridge allows a stronger SAW induced phonon coupling to the 2DEG electrons since the phonons cannot dissipate into the bulk material.
To characterize the material, we performed Hall measurements by means of two methods: for the first one, we used a standard lock-in technique with a four-point measurement, see Fig. 2(a) . The traditional oscillations are easily visible, as was expected. For the second approach, Fig. 2(b) , we used a SAW to generate the current through the device while the acoustoelectric current was measured at two Ohmic contacts using an Ithaco current amplifier. The radio frequency (RF) power applied at the IDT electrodes was −12 dBm and had an operating frequency of 1.488 GHz. The 2DEG has an electron carrier density of n e = 4.2×10 15 m −2 and an electron mobility of μ e = 2.57×10 5 cm 2 /Vs. All measurements were carried out at a base temperature of 4.2 K. The mismatch between the two arises from the difference between two-and four-point measurements, as the contact lead resistance is sampled in the two-point case. Another feature that is evident is the splitting of the peak in the acoustoelectric current trace of Fig. 2(b) between 3 to 4 T. This does not occur in the Hall measurement, and we attribute it to a spin splitting at elevated magnetic fields. At these values, the SAW attenuation, given by [18] 
is maximal which results in a reduced SAW amplitude. Here, k is the wave number, K eff is the electromechanical coupling coefficient for GaAs, σ 0 = e 2 n e τ/m * is the Drude conductivity, and σ m = v s (ε 0 + ε GaAs ) is a constant of the material. Both σ parameters are taken at zero magnetic field in Eq. (1). The center of the SAW current split is where a minimum occurs in the 2DEG conductivity [10, 11] .
The acoustoelectric current is proportional to the attenuation, Eq. (1) [18] . Correspondingly, the current at nonzero magnetic field normalized to its value at zero field has the form
where the conductivity at nonzero field is given by [19] σ (B)
with ω c being the cyclotron frequency. The normalized acoustoelectric current, Eq. (2), is shown in Fig. 2(c) . We present the normalized current of Fig. 2(b) in the inset, and it is evident that the main experimental features, such as the oscillations with respect to magnetic field, increase and subsequent decrease in magnitude, and the initial increase of the current are well reproduced. We normalize the current to its value at B = 0.3 T to eliminate the behavior at very low field, the origin of which is still unclear. Equation (3) is valid for our range of parameters because the product ω c τ is less than one for τ = 5×10 −14 s and the magnetic field of our experiment [18] . The electron spin is not included in Eq. (3), so the peak splitting at large field is not seen at the theoretical curve.
The next step is to determine the behavior of the SAW interactions with the QPCs of the device. First, we characterize the behavior of the QPCs; in this paper, we focus on only the center QPC pair (see Fig. 1 ). We applied a dc source-drain bias V SD to two of the Ohmic contacts while sweeping the gate voltage of the center QPC at zero magnetic field, see Fig. 3 . It should be noted that usual conductance steps are already washed out at the elevated temperatures of our experiment [20] , but they would appear at the gate voltages in the region of −0.8 and −0.7 V. The plateaulike features which can be seen at smaller negative voltages correspond to the transition from 1D to 2D transport [21] . The measured current is rather small in comparison to usual values for 2DEG at these temperatures. We attribute this phenomenon to enhanced incoherent electron-phonon interaction for our suspended nanobridge structure. We then proceed to generate the dc current through the use of SAWs. An applied RF power of −10 dBm at a frequency of 840 MHz is applied to the right IDT of the sample, see Fig. 1(c) ; the results can be viewed in Fig. 4(a) . It should be emphasized that the magnitude of the acoustoelectric current is up to 15 nA, which exceeds that of the usual 2DEG with SAW, without the suspended nanobridge (up to 1 nA [9] ). Moreover, it exceeds the source-drain current without SAW in suspended nanobridge by one or two orders of magnitude in the regime of small gate voltages, see Fig. 3 . We expected to see a steplike behavior in the acoustoelectric current pinch off with quantized steps, similar to what is reported of a standard source-drain bias pinch off [2] [3] ; however, we observe oscillatory behavior in the measured current. Similar results were obtained in Refs. [9, 13, 21, 22] , and several theoretical models were subsequently proposed [14, 15] .
These oscillations were attributed to the subband formation in the QPC. When the 1D subband is about to be depopulated, the electron velocity becomes very small, comparable to the sound velocity. In this case, the interaction of electrons to the SAW is maximal, resulting in a maximum of the acoustoelectric current. It should be noted that, at the temperature of 4.2 K, the conductance steps are already washed out because, at given gate voltage, there are contributions from several subbands, and they cannot be separated in standard transport measurements. However, the 1D subbands still exist, and due to the strong coupling of electrons to the SAW within the suspended nanobridge region, their manifestations are observed in the acoustoelectric current. With a significant magnetic field applied, the 1D subbands become spin split. The manifestations of this effect are shown in Fig. 4(a) as the shoulder formation at 1 T with additional minima at 1.5 and 2 T. These features support our conclusions of oscillations being consequences of the QPC subband structure. The wide broadening of the oscillations is due to the higher temperature at which our measurements were taken when compared to narrow oscillations of measurements at lower temperatures [12, 13] . It should be emphasized that the spin splitting can be seen at quite low magnetic field [lower than that of Fig. 2(b) ] due to the enhanced sensitivity to external perturbations which is exhibited by the QPC near the pinch off conditions.
The current starts to become negative around −0.65 V at 0 T. The source-drain bias current reaches complete pinch off just below −0.7 V. This behavior seems to be more noticeable when the channel length of the QPC is comparable to the SAW wavelength but is still valid for larger wavelengths. In our sample, the defined channel length is ∼80 nm, compared to other experiments where the channel length is from several hundred nanometers to the order of microns. This narrow channel length opens the possibility of backscattering [14, 15] .
As shown in Fig. 4(a) , the acoustically driven current starts off with a positive amplitude of 12 to 16 nA but becomes negative due to phonon scattering as the gate voltage decreases. This change in gate voltage changes the effective length of the QPC channel as well as the transmission probabilities for electrons to scatter forward or backward. When the gate voltage is low or zero, the electrons pass through the channel without any scattering since the potential is low. As the gate potential further decreases, the barrier becomes larger, causing a small amount of backscattering, see Fig. 4(b) , which reduces the current. It should be noted that electrons moving against the source-drain bias (V SD = 0.05 mV in our experiment) and having energy smaller than the top of the QPC barrier can still proceed after the absorption of phonons, see Fig. 4(d) . Once the gate voltage is decreased to about −0.65 V, the scattering events cause equal transmission in both directions, thus a zero net current. Below this level, −0.65 V, the potential barrier is increased enough to cause the electrons to backscatter; hence, inducing a negative net current until complete pinch off is achieved. As the finite source-drain potential is applied, we are able to differentiate between forward and backward current. Hence, it is accurate to state this is phonon induced since these features do not appear when SAWs are absent, see Fig. 3 . Figures 4(b)-4(d) [14, 15] show that the phonon background interacts with the electrons present near the QPC induced potential. The energy of a single phonon ω is much smaller than the conduction window δE = eV SD , but extremely strong electron-phonon coupling in suspended nanobridge enhances the probability of emission/absorption of n phonons which makes the effect more pronounced than that of the structures made with the usual 2DEG.
In summary, we were able to achieve an extremely strong acoustoelectric response of a suspended QPC, even at an elevated temperature of 4.2 K. The oscillatory features from pinch off that we have observed fit well with existing theory, proving the advantage of a suspended system which allows an order of magnitude larger electron-phonon coupling. It was also seen that the 1D subband structure and its spin splitting become detectable at these higher temperatures. From our results, we were able to produce a theoretical model that accurately describes the acoustoelectrically generated current through a 2DEG in the presence of a perpendicular magnetic field. Due to the inherently strong SAW interactions with suspended 2DEGs, this system has proven valid for high temperature measurements for future applications.
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